Based on the case studies and statistical analysis of earthquake-related ionospheric disturbances mainly from DEMETER satellite, ground-based GPS and ionosounding data, this paper summarizes the statistical characteristics of earthquake-related ionospheric disturbances, including electromagnetic emissions, plasma perturbations and variation of energetic particle flux. According to the main results done by Chinese scientists, fusing with the existed study from global researches, seismo-ionospheric disturbances usually occurred a few days or hours before earthquake occurrence. Paralleling to these case studies, lithosphere-atmosphere-ionosphere (LAI) coupling mechanisms are checked and optimized. A thermo-electric model was proposed to explain the seismo-electromagnetic effects before earthquakes. A propagation model was put forward to explain the electromagnetic waves into the ionosphere. According to the requirement of earthquake prediction research, China seismo-electromagnetic satellite, the first space-based platform of Chinese earthquake stereoscopic observation system, is proposed and planned to launch at about the end of 2014. It focuses on checking the LAI model and distinguishing earthquake-related ionospheric disturbance. The preliminary design for the satellite will adopt CAST-2000 platform with eight payloads onboard. It is believed that the satellite will work together with the ground monitoring network to improve the capability to capture seismo-electromagnetic information, which is beneficial for earthquake monitoring and prediction researches.
Introduction
An earthquake results from sudden release of energy in the crust. But its activities are under the magnetic anomaly before earthquake can propagate into the ionosphere according to the coupling among lithosphere, atmosphere, and ionosphere. Lots of ionospheric disturbances related to earthquakes have been reported since the great earthquake in Alaska in 1964 (Davies and Baker, 1965; Gokhberg et al., 1983; Larkina et al., 1989; Parrot and Lefeuvre, 1989; Parrot et al., 1993; Parrot, 1995; Pulinets, 2004; Pulinets and Boyarchuk, 2004; Pulinets et al., 1994 Pulinets et al., , 1998 Pulinets et al., , 2010 Ruzhin and Larkina, 1996; Ruzhin et al., 1998; Isaev and Serebryakova, 2001; Chmyrev et al., 1997; Liu et al., 2000 Liu et al., , 2001 Liu et al., , 2004a . The documented reports show that there are obvious relationship between earthquake precursors and ionospheric disturbances. Some countries developed seismo-electromagnetic satellite mission to collect electromagnetic information related to earthquakes, such as COMPASS-2 in Russia, QUAKESAT-1 in America, SICH-1M in Ukraine, DEMETER in French.
China has built a large ground-based earthquake monitoring network, including electromagnetic observation, to mitigate and even to prevent losses from earthquake disasters. The observed data are mainly used to develop earthquake prediction methodologies and models. According to the project "National Middle-Long Term Plan for Earthquake Disaster Mitigation and Prevention (2006 Prevention ( -2020 ", space-based earthquake monitoring system is being proposed in the last years. By integrating the space and ground-based earthquake monitoring system, Chinese earthquake stereoscopic observation system is under developing. During the proposal of the first seismo-electromagnetic satellite in China, Chinese scientists made some collaborative researches with the scientists all of the word, especially those working for DEMETER mission (Cussac et al., 2006; Lagouttea et al., 2006) . The topic includes case studies and statistical studies on ionospheric disturbances related to earthquakes, as well as possible mechanisms related to seismo-electromagnetic emission propagation into the ionosphere. This paper mainly shows some new progresses in seismo-ionospheric coupling and new results of the studies about ionospheric disturbances related to earthquakes in China, and introduces the proposal of the first seismo-electromagnetic satellite in China based on the seismo-ionospheric researches.
New understanding on theoretical models of seismo-ionospheric coupling
Based on the observations of earthquake activities, several models have been proposed to explain the mechanism of seismo-ionospheric coupling (Pulinets and Ouzounov, 2011) . The main models include electromagnetic wave penetrating model (Molchanov et al., 1995) , acoustic wave penetrating model (Hegai et al., 1997) , electrical field and geochemistry model (Pulinets, 2004 (Pulinets, , 2009 Pulinets et al., 1997 Pulinets et al., , 1998 Pulinets et al., , 2000 Pulinets et al., , 2010 Shalimov and Gokhberg, 1998; Sorokin et al., 2007; Molchanov et al., 2004; Klimenko et al., 2011) .
To illustrate the mechanism of earthquake-related electromagnetic emission formation as well as the way of seismo-electromagnetic emission propagation into the ionosphere, we carried out some primary studies on thermo-electric model and electromagnetic full wave propagation model as following using physical modeling and computing techniques. 2.1 Thermo-electric model of seismoelectromagnetic effects before earthquakes Most of the earthquakes occurred in the middle crust of the Earth where high temperature and high pressure condition exists. The materials of the Earth's crust usually behavior as semi-conductors because of their deformation while crystallizating. Thermo-electric model was proposed to explain seismo-electromagnetic effects before earthquakes, and to quantitatively describe the electromagnetic emissions during earthquake preparation (Shen et al., , 2010b .
The thermo-electric coefficients of tens of thousand of samples, such as magnetite, pyrite, cassiterite, and arsenopyrite, were tested respectively by the thermoelectric instrument BHET-06. Results showed that the coefficient is a constant value of about −0.051 to −0.381 mV/
• C. Because every mineral grain was tested randomly, the coefficient is independent of the crystallographic direction. It means the thermal voltage generated from a single magnetite crystal can be accumulated. As a result, a new thermo-electric field can arise when a gradient thermal field exists within the Earth's crust. The thermo-electric effect of semi-conductor minerals was used to study the mechanism responsible for the presence of abnormal geo-electric fields during earthquake preparation and occurrence, because gradient thermal fields always exist before earthquakes. The possible presence of additional thermo-electric fields (E) was calculated with
where σ is thermo-electric coefficient of the minerals, ΔT is the temperature difference acting on it, Φ is a sectional area on a block of mineral vertically perpendicular to the direction of the thermal current, ρ 1 and ρ 2 are the resistivity of mineral and the crust, respectively, h is embedded depth of mineral block, α is the angle created by the horizontal line and the line between the two poles of mineral block, and x is the distance from the observation point to the projected center point of the magnetite block on the Earth's surface. The calculated additional thermo-electric field intensity is about several to thousands mV/km. This field is strong enough to cause obvious anomalies on the background of geo-electric field, which can be detected by geo-electric monitoring equipments. In fact, minerals with semiconductor behavior are widespread in the crust. A variable thermal field usually accompanies earthquake formation and occurrence. The geo-electric field may be impacted by an additional thermo-electric field generated by the thermal-electric effect of magnetite during the earthquake formation and occurrence. Therefore, a hypothesis was proposed that geo-electric abnormities occurred during earthquakes may be caused by the thermo-electric effect of the minerals (Figure 1) .
The crustal minerals were further analyzed during the experiments. The results indicate that 90% of these minerals act as N-type semiconductor and about 10% acts as P-type semiconductor. It means that the thermo-electric coefficient should be negative for most of the crustal materials, while only 10% of them have positive thermo-electric coefficient (Figure 2 ). In 2004, Takeuchi et al. (2004) proposed the p-hole model for radiation of static electrical field while earthquake occurs, and gave a detail description on H + activation during strong tectonic activities and following these course, the additional geo-electrical field was triggered and then penetrated into the atmosphere and ionosphere. Based on our studies, it is reasonable to combine p-hole model and thermo-electric model to understand and explain the seismo-ionospheric disturbance in detail.
Propagation model of electromagnetic
waves into the ionosphere Additional electromagnetic emission may occur before earthquakes as mentioned above. How does the elec-tromagnetic wave propagate into the ionosphere? To unravel the mystery, we proposed an electromagnetic full wave propagation model to compute the capability of VLF waves into horizontal stratified ionosphere (Zhao et al., 2010) .
Our basic idea is as following: assuming the altitude of 80 km as an interface of the waveguide, Earthionosphere waveguide model is used to calculate the nodal fields at the lower boundary of the ionosphere lower than 80 km; full-wave method is employed to calculate the electromagnetic field distribution above 80 km numerically.
Coordinates used in the full wave calculation and the Maxwell equations in the ionosphere are as follows:
where, ε 0 , μ 0 and I denote the permittivity, the permeability of free space, and the unit matrix. The effect of ions on the wave propagation is ignored and only electron effect is considered, which is reasonable at VLF frequency band because wave frequency is much higher than ion gyro-frequency but equivalent to the electron gyro-frequency. The magnetic susceptibility matrix M is given by
where ω p is electron plasma angular frequency, ω h is electron gyro angular frequency, e is electron charge (C), m is electron mass (kg), N is electron number density (m −3 ), ν is electron collision frequency.
The primary results are as following: 1) Left-handed polarization wave experiences the most severe attenuation in the D-region of the ionosphere, so it is called non-penetrating mode. Righthanded polarization wave can penetrate the D-region of the ionosphere, so it is called penetrating mode in the ionosphere.
2) The attenuation is very small for the waves having crossed the D-region.
3) The Poynting flux decreases with the wave frequency increasing, which means the lower frequency signal related to earthquake is easier to reach the sensors on the satellites (Figure 3) .
4) The response in the ionosphere caused by ground VLF transmitter behaviors as concentric circles; the circles is asymmetrical from north to the south; multi-mode interferometer can be clearly seen; the center of these circles has a latitudinal displacement to the equator, the magnitude of the displacement is proportional to the latitude of the transmitter (Figure 4) .
Based on the results mentioned above, primary conclusion was drawn. Preparation of destructive earthquakes has always been accompanied with significant electromagnetic radiation and Earth's electromagnetic field disturbance. The additional electromagnetic emission can propagate from the earthquake focus upward to the ground and then into the ionosphere. Ionospheric changes around the earthquakes had been found and reported by lots of case studies.
Recent studies of seismo-ionospheric disturbance in China
In the last few years, scientists did a lot of case studies on the seismo-ionospheric disturbance, such as 1999 Chi-Chi event (Liu et al., 2001) , 2005 Sumatra event (Liu et al., 2006) , 2008 Wenchuan event (Li et al., 2009; Pulinets et al., 2010) . They mainly used DEME-TER satellite data as well as ground-based GPS and ionosounding data (Pulinets, 1998; Pulinets and Legen'ka, 2003; Parrot et al., 2006) . In China, the researches mainly focus on the M ≥6 earthquakes in Chinese mainland and M ≥7 in all over the world. Some important results were reported.
Low-frequency electromagnetic disturbance
The main parameters of seismo-electromagnetic precursors include geomagnetic field, telluric field, electromagnetic radiation, plasma disturbance, energetic particle disturbance and so on. A large amount of observations and theoretical simulation results have confirmed that seismogenic radiations have a very wide frequency band. There are a lot of observations of 0.1 Hz to tens of kHz bands with electromagnetic field intensity, phase and other anomalistic changes before earthquakes. The ground-based observations show that the amplitude of magnetic field anomaly is about 10 nT, sometimes larger than 100 nT before strong earthquake. The amplitude of electric anomaly is about tens of mV/km up to hundreds of mV/km. The abnormal low frequency electromagnetic radiation is 1-10 mV/km generally (Ding et al., 2006 (Ding et al., , 2011 .
Our group analyzed the low-frequency electromagnetic disturbance for some large earthquakes using DEMETER data, for example, Sumatra event in 2005 (Zhang et al., 2010b) , Wenchuan event in 2008 (Zhang et al., 2009a (Zhang et al., , d, e, 2010a , Chile events in 2007 and 2010 (Zhang et al., 2009c Liu et al., 2011) , Yutian event in 2008 (Zhang et al., 2009b) . Figure 5 shows the precursors before Wenchuan event (Zhang et al., 2009e) . Based on the electric field power spectrum density (PSD) recorded by DEMETER satellite, the anomalies before Wenchuan earthquake were extracted and analyzed. The background spectrum of VLF electric field during two years at 31
• N above the Wenchuan M 8 earthquake in Sichuan were extracted from revisited features of satellite orbits. From the electric field spectra at all frequency points recorded by all ascending orbits at local nighttime within a distance of 2 000 km to Wenchuan epicenter during 1 April to 12 May, 2008, it was shown that in one week before the earthquake, that is 6 to 10 May (35th to 40th day in Figure 5 ), the electric field PSD increased apparently at the band of 2-6 kHz. While anomalous space distributes in a large area to the south of the epicenter. From the phenomena reported, the main characteristics of ionospheric electromagnetic disturbances related to earthquakes were summarized. 1) Frequency range of anomalies. Seismoelectromagnetic anomalies appeared at 140 Hz and (partly at 450 Hz on more than 100 case studies by Figure 5 The abnormal of VLF electric field spectrum.
Russian scientists (e.g., Larkina et al., 1989) . Considering the findings of other scientists, anomalies occurred mainly in the ULF/ELF/VLF bands. But high frequency electromagnetic anomalies were also reported in recent years.
2) Amplitude of anomalies. Assuming SNR (signal noise ratio) >3 is the threshold to consider an anomaly as earthquake precursor, PSD of geomagnetic emissions was usually greater than 0.3 pt/Hz 1/2 at frequencies of 100-500 Hz. Perpendicular vector of atmospheric electric field changed more intensively, up to 3-7 mV/km, while changes in components of magnetic field were around 3 nT.
3) Time characteristics of anomalies. Abnormal electromagnetic emission came forth usually a few hours before earthquakes. 8-hour is an experiential value. 4) Size of perturbed zone. Based on the results of a large number of case studies, the distribution scale of earthquake-induced electromagnetic anomalies was less than 6
• along longitude. The size along latitude depends on magnetic inclination, for example, the size of perturbed zone was about 5
• at the latitude 40 • .
5) Applicability range in space. It is impossible to identify seismo-electromagnetic anomalies at high latitude because of the intensive ULF-VLF emissions around polar region. Satellite observations of electromagnetic anomalies are more suitable for low-middle magnetic latitude in earthquake research.
Plasma parameters variation
Ionospheric foF2 and total electron content (TEC) response before earthquakes in Taiwan of China were analyzed using ground-based GPS and ionosounding data (Liu et al., 2000 (Liu et al., , 2001 (Liu et al., , 2004a . The results show that plasma parameters usually changed few days before earthquake occurrence.
From DEMETER satellite data, three half orbits near the epicenter of Pu'er M 6.2 earthquake on June 3, 2007 in Yunnan province were selected. The revisited orbits of these three orbits in a year before the earthquake were processed. According to the preliminary result, the spatial images of N e (electron density) showed high values near the epicenter since 30 days prior to the earthquake. A good correlation between anomalies and location of the earthquake in space and time was found, which reflects that these spatial anomalies were indeed concerned with the earthquake (Ouyang et al., 2008) . Similar phenomena were also exhibited before 2010 Chile M 8.8 earthquake (Liu et al., 2011) . Figure 6 lists the result about 2008 Wenchuan M 8 earthquake, which was integrated by multi parameters. On May 9, three days before the earthquake, the TEC inversed by GPS observation, and foF2 obtained by ionosounding all increased largely (Zhang et al., 2009a) .
According to the statistical results of plasma Figure 6 The abnormality on May 9 of local TEC and foF2 before the Wenchuan earthquake on May 12, 2008 (Zhang et al., 2009a) .
disturbance before earthquakes Liu et al., 2006) , and the case studies focusing on the recent earthquakes occurred in China and globe by using DEMETER and GPS data, we may draw the detail characteristics of the plasma variation before earthquake as following:
1) The disturbing parameters related to earthquake activity mainly include TEC, foF2, Ne, Ni, Te, Ti, and ionospheric height.
2) The anomalies appeared about 15 days before earthquake occurrences. And most of them concentrated on 0-5 days before earthquakes. A few appeared after the earthquake. The duration is about 4-6 hours, and may be more than 12 hours for some great events.
3) The spatial scale of the ionospheric anomalies may extend to 10 degrees. The ratio of longitude to latitude scale is about 3:1. The anomalous area is connected with the latitude of the earthquake.
4) Anomaly amplitude. The range of anomaly amplitude is larger than 15%-30%, sometimes 100% in special region.
The first seismo-electromagnetic satellite in China
Chinese seismologists have been paying great attention to the development of the space observation techniques in earthquake science. According to the development of space information technology, the applications of remote sensing in disastrous earthquake, and the requirements of space-ground observation technology for earthquake prevention and disaster mitigation, a comprehensive space-based observation system was proposed to obtain various information from solid Earth using the technologies including visible optical, infrared, synthetic aperture radar, electromagnetism, and gravity measurements (Shen et al., 2007) . The system will promote the application of spatial information and improve earthquake prediction research. As the first space-based platform of earthquake stereoscopic monitoring system, China Seismo-Electromagnetic Satellite Mission made a successful progress, which aims to establish a spacebased observation system for detecting the electromagnetic anomalies from the solid Earth and the ionosphere perturbation possibly associated with earthquakes and for improving the research on earthquake prediction.
Scientific objectives and mission contents
of the first satellite Since 1950s, anomalous electromagnetic signals have been discovered prior to the earthquakes and volcano eruptions by lots of observations from the Earth surface or satellites. Hypotheses were proposed to explain the formation of the anomalous signals associated with earthquake and volcano activities. Due to the activity of geomagnetism, the signals from the earthquake and volcano activities could transmit up to the regions over the epicenters and the regions where satellites pass through.
The first seismo-electromagnetism monitoring satellite is a testing satellite with promising applications in earthquake research and monitoring. Its main scientific objectives are: (1) to obtain the data of the electromagnetic field, the ionosphere, the high-energy particles in China as well as some other parts of the world; (2) to identify and extract the electromagnetic emissions, the plasma, the high-energy particles disturbance information which are related to major earthquake occurrence process; (3) to study the changes in the electromagnetic field, the ionosphere, and the high-energy particles which is related to major earthquake occurrence process and to explore the new way for short-term earthquake monitoring and prediction research; (4) to share data for related scientific research fields and for international cooperation; (5) to check up on performance and reliability of ionospheric detection techniques for the development of space-ground earthquake monitoring system and operation.
According to the scientific objectives, the first satellite concerns various physical parameters including electric field, magnetic field, ionospheric plasma in-situ and profile disturbance, and high energy particle disturbance, etc. The detail parameters are as following: 1) Magnetic field. 3-component magnetic field with frequency band of DC-15 Hz is measured.
2) Induction electromagnetic field. 3-component magnetic field is measured with frequency band of 10-20 kHz; while 3-component electric field with frequency band of 0-3.5 MHz.
3) Measurement of plasma and energetic particles in-situ parameters.
Energetic particle spectrum and pitch angle; Electron and ion temperature; Electron and ion density; TEC and electron density profile.
Preliminary design of the satellite 4.2.1 Orbit parameters
Different from the usual imaging remote sensing technology, electromagnetic remote sensing is a nonimaging one and acquires the electromagnetic information of the sub-satellite point. For acquiring the earth-quake precursor information as much as possible, the orbital span can not be too wide. Based on the recent study results of ionospheric detection by the electromagnetic satellite and theoretical simulation, space anomaly scale would be hundreds of kilometers over the M S 7.0 earthquake. So, the orbital span should less than 1 000 km in every revisiting period. To meet the requirements, we will control the orbital span to be about 5
• , which make sure at least one track over the earthquake zone. The orbit parameters are as following: 1) Orbital span was set to about 5
• between two closest orbits during a revisit period, so that at least one track can be ensured in 10
• scale relative to the future earthquake region.
2) The orbit style is set as push-broom day by day in the revisiting orbit span, which will achieve the biggest chance to get the precursor information from more than one track about one earthquake.
3) Revisiting period is 5 days. The main orbit parameters of the first electromagnetic satellite are listed in Table 1 . 
Satellite platform
The satellite will adopt CAST-2000 common platform. Figure 7 shows the configuration of the satellite, and Table 2 lists the main parameters for satellite platform and operation. 
The scientific payloads
As listed in Table 3 , the scientific payloads includes search-coiling magnetometer, electric field detector, fluxgate magnetometer, GNSS two-frequency receiver, plasma analyzer, langmuir probe, energetic particle detector, and three-frequency transmitter. 
Conclusions
Earthquake prediction is one of the most difficult challenges in the world. The progress in monitoring techniques is fundamental for earthquake prediction researches. The reported researches show that electromagnetic and ionospheric precursor monitoring may be one of the effective means of short-temporary-term earthquake prediction. Seismo-electromagnetic precursors and their mechanism are extremely complicated. This paper summarized the main works focusing on seismo-ionospheric coupling and related ionospheric disturbance phenomena before earthquakes in the last few years in China. According to the primary results of theoretical and case studies, electromagnetic and ionospheric precursors may play an effective role to impending earthquakes. The main ideas are as following:
1) The ground and underground electromagnetic waves and emission can propagate or penetrate into the ionosphere according to the lithosphereatmosphere-ionosphere coupling mechanisms. A thermo-electric model was proposed to explain the seismo-electromagnetic effects before earthquakes. A propagation model was put forward to explain the electromagnetic waves into the ionosphere. These theoretical models are useful to explain the seismo-ionospheric disturbance phenomena observed over the earthquake zones.
2) According to the researches on satellites data, ground-based GPS data, and ionosounding data, some statistical features of earthquake-related ionospheric anomalies were found. (1) Major physical parameters include VLF, ELF, ULF electromagnetic fields and waves, TEC, foF2, density and temperature of electronic/ion, ion composition, high energy flux and so on; (2) the ionospheric disturbances usually appear 1-5 days before earthquakes with a duration of 4-6 hours for plasma, 1-5 hours before earthquakes for electromagnetic wave and high energy particles and often occur in the afternoon of local time; (3) the spatial extent of disturbances distribution may occupy a radius of about 5
• , and regular migration of anomalies relative to epicenter, sometimes it has magnetic conjugation effects; (4) anomaly intensity is few to tens of nT for magnetic field, few to hundreds of µV/m for electric field, relative change is more than 15%-30% for plasma and high energy particle. 3) Observations are the fundament of the earthquake research and prediction. The first seismoelectromagnetic satellite in China was proposed to acquire the earthquake-related ionospheric disturbance. It is planned to launch at the end of 2014. The preliminary design of the satellite will adopt CAST-2000 platform, eight payloads onboard. It is believed that the spacebased monitoring platform will work together with the ground monitoring network to improve the capability of capturing seismo-electromagnetic information and to benefit the earthquake monitoring and prediction research.
